The temperature dependence of unit cell parameters was studied using high-temperature X-ray diffraction and the coefficient of thermal expansion of SnSe single crystal was determined. Fluorescence spectra of SnSe single crystal grown by the Bridgman-Stockbarger method were examined using a Cary Eclipse spectrophotometer at room temperature in the wavelength range 200-900 nm. When the samples were irradiated by a pulse at a wavelength of 230 nm, the fluorescence spectra exhibited maxima at wavelengths 313. 07, 423.03, 458.93, 495.07, and 530.00 nm. 
INTRODUCTION
Luminescence spectra have provided valuable data for the band theory of bulk semiconductors and can also be used to study the electronic structure, energy levels and optical properties of semiconductor nanoparticles. It has been found from numerous experiments that narrow-band luminescence in the visible region of semiconductor nanoparticles is dependent on their sizes. By analysing this dependence, it is possible to determine the impact of changes in nanoparticle sizes on their optical and electrical properties. For this purpose it would be very interesting to study the optical properties of nanocomposites with matrices that fall far beyond the band of the absorption and luminescence spectra of nanoparticles (Flessau et al., 2014; Chekini et al., 2015; Chernozatonskiy et al., 2018) .
At present, new materials with electrophysical, optical and other properties that depend on their linear dimensions are widely used. Advances in development of methods for the synthesis of fluorescent nanocrystals (quantum dots) with desired properties and methods for the functionalisation of their surface have opened up ways to create a new class of fluorophores for numerous biological and medical applications. In optics, biology and medicine nanoparticles of semiconductor compounds, instead of conventional dyes, are used extensively as photostable labelled. Fluorescent semiconductor nanoparticles or quantum dots, as opposed to organic fluorochromes, have rare optical properties. While quantum dots are absorbed in the region from the near-ultraviolet to the far infrared region, they are emitted in a very narrow region (Oleynikov et al., 2007; Chattopadhyay et al., 2010; Vorobjev et al., 2011; Filho et al., 2016) . Furthermore, quantum dots, unlike low molecular fluorochromes are more photostable. This provides an opportunity to monitor fluorescent tags in living cells for a long time.
The interest in the A 4 B 6 type semiconductor compound is attributable to its promising use in making semiconductor instruments. For example, SnS and SnSe are used as a base material in thermodynamic converters to create active elements that work in the infrared region of the optical spectrum (Antunez et al., 2011; Zhou et al., 2018) , as the absorbing layer in thin-film solar energy converters (Franzman et al., 2010; Yao et al., 2018) , as well as in photoconductors (Johnson et al., 1999) , semiconductor sensors (Dai et al., 2019) , microbatteries (Im et al., 2014) . In (Indirajith et al., 2011) SnSe films were obtained in an alkaline medium on a glass substrate by thermal evaporation, and the effect of annealing on the structural and optical properties of deposited films was studied.
Using angle-resolved photoemission spectroscopy a systematic study of the electronic structure of SnSe has been performed (Wang et al., 2017) . The findings demonstrate the complete band structure of SnSe and helped to provide a further understanding of the electronic origin of the excellent thermoelectric properties of SnSe. Monocrystalline SnSe nanoplates were synthesised by chemical vapour deposition (Xiaolong Xu et al., 2017) , which led to the finding of anomalous anisotropic interaction of light with the crystalline substance. The anisotropic response depends on the polarisation of incident light, the energy of photons and phonons arising from anisotropic electron-photon and electron-phonon interactions in SnSe.
Intensive investigation of binary A 4 B 6 compounds with a layered structure (which include tin monoselenide -SnSe) opens possibilities of their practical application as the recording medium in holography, creation of photoanalysers of linearly polarised radiation (Antunez et al., 2011) and heterostructures obtained by the optical contact method, and detection of switching effects and electrical memory (Nariya et al., 2013) and also structural phase transitions (Wiedemeier et al., 1978) . SnSe has an optimal band gap (for transitions -1.3 eV), has a high optical absorption coefficient of 10 5 cm -1 , covers near infrared and visible region, and the components of these compounds are non-toxic and widely distributed in the Earth's crust and inexpensive.
Luminescent crystals are widely used in optics to create various emitting structures, and therefore, the study of the luminescent properties of semiconductor compounds has been the subject of numerous studies. In this regard, it is important to study not only the practical properties of tin monoselenide, but also its electronic structure, which largely determines these properties. The stability of parameters and reliability of all semiconductor devices directly depends on their crystal structure and the state of their surface. This article presents the results of studies of high-temperature X-ray diffraction, and the morphology of the atomically clean surface of crystals obtained by chipping in ultrahigh vacuum and the fluorescence spectra of a SnSe single crystal.
MATERIALS AND METHODS
The binary compound SnSe was synthesised from the initial components in quartz ampoules evacuated to 0.1333 Pa. The synthesis was carried out in two steps: initially, the ampoules with the substance were heated at a rate of 4-5 degrees/min to the melting point of selenium and kept at this temperature for 3-4 hours; then the temperature was increased to 950-1000°C and kept for 8-9 hours.
For complex physicochemical analysis and electrophysical investigations the synthesised samples were annealed for 100-140 hours. Homogenising annealing of the obtained single-phase samples was carried out in medium consisting of spectrally pure argon at 800 K. X-ray phase analysis was performed in a powder diffractometer Bruker D8 ADVANCE with tube mode parameters of 40kV, 40 mA (CuKa-radiation, l = 1.5406Å) in the temperature range 300 < T < 1400 K using the temperature chamber TTK 450.
Diffraction reflections were recorded in the angular interval 0 o £ 2 q £ 89 o , and data obtained in the study of low-temperature modification samples was analysed using TOPAS software. Crystallographic parameters were refined using EVA software. To study the surface morphology and microstructure of the sample, a scanning electron microscope JEOL JSM6610-LV of Japanese manufacture was used.
The luminescence properties of a SnSe single crystal were studied using a Cary Eclipse spectrophotometer manufactured by Varian. A schematic diagram and the main operating elements of the equipment are shown in Figure 1 . The source of radiation was a xenon lamp operating in the pulsed mode with a pulse width of 2 ms and power of 75 kW. The monochromators of the spectrofluorimeter had diffraction gratings with parameters of 1200 lines/mm and software allowing to determine the wavelength to 0.01 nm. Both monochromators had high-speed scanning capabilities. Three seconds was sufficient to record the full spectrum.
With variation in the width of the transmission gap from 1.5 to 20 nm it is possible to control the signal intensity entering the optical system. All measurements were carried out in an automated mode. The software of the device allowed to choose various measurement modes and at the same time to control working elements. The emission spectra were recorded at a gap width of 2.5 nm.
The samples were obtained by cleaving from different regions of one large single crystal ingot of p-type tin monoselenide grown by the Bridgman-Stockbarger method. The electrical conductivity and the Hall coefficient were measured at constant current and constant magnetic field of the electromagnet. We took p-SnSe samples with dark resistivity r = 2 ÷ 6·10 -2 Om·cm at 293 K with hole concentration n = 0.8 ÷ 2·10 18 cm -3 and carrier mobility µ = 250 ÷ 300 cm V s 2 × . The SnSe compound crystallises in orthorhombic system, has a layered structure and easily cleaves along the (001) surface (Nariya et al., 2013) . Study of the natural surface by atomic force microscopy showed that they were Fig. 1 . Block diagram of the spectrofluorometer: 1, source; 2, lenses; 3, excitation monochromator; 4, cuvette for placing the sample; 5, monochromator for emitted light; 6, photomultiplier; 7, recording device. fairly homogeneous and smooth, and that the surface homogeneity varied in the interval 25 nm. The sample sizes in directions perpendicular to the layers (along the c axis of the crystal) and along the layers (in a plane perpendicular to the c axis of the crystal) were 0.2 mm and 6.0 × 8.0 mm, respectively.
The studies were conducted by excitation of the energy levels of the crystal by unpolarised electromagnetic waves. The ray was directed along the c axis perpendicular to the crystal axes a and b.
RESULTS
The powder X-ray diffraction pattern of the synthesised sample was recorded ( Table 1 ) and showed that all the diffraction lines of the SnSe pattern were indicated on the basis of the orthorhombic lattice parameters proposed in (Oleynikov et al., 2007) with the unit cell parameters a=4, 458 Å, b=4,192 Å, c=11,424 Å, Z=4 and space group D h 16 2 -P cmn . Radiographic density was r = 6,42 g/cm 3 . Figure 2a presents a two-dimensional image obtained as a result of an increase in the surface area at 5×103×5×103 nm with respect to homogeneous SnSe single crystals using an atomic-force microscope. In Figure 2b , a three-dimensional image of a part of the same single crystal with a relatively uniform surface relief is given. The figure shows that the surface of the SnSe single crystal is fairly uniform and level.
In spite of the fact that SnSe single crystals are layered crystals, irregularities are observed on the natural refracting surface. A histogram analysis of atomic force microscope images showed that the natural uniformity of the surface of the SnSe single crystal varied within 25 nm. It is very likely that the presence of the observed irregularities on the boundary layer was due to the presence of weak van der Waals forces between the layers. In case of separation during the breaking of binding forces, individual atoms do not remain on the surface of the crystal, but rather groups of atoms -clusters.
The phase composition and distribution of chemical elements on the surface of the sample were determined by quantitative X-ray microanalysis. Analysis of drilling results suggested surface homogeneity, but with a change in stoichiometry within the SnSe homogeneity region towards an excess of selenium.
Ten diffraction reflections were recorded at room temperature in the angular range 10 o £ 2 q £ 70 o , from a SnSe sin- Without disturbing the former crystal orientation, the high temperature box furnace was turned on and after every increase of 50°C control records were made. Before the start of each recording, the temperature of the sample was kept constant for 30 minutes. The lattice parameters were measured by X-ray diffraction reflection methods with indices (101), (102), (111), (004), (202), (115). In the temperature interval 300 ÷ 800 K strong changes did not take place in the number of diffraction reflection lines and intensities.
The temperature dependence of the unit cell parameters of SnSe crystal is shown in Figure 4 . As shown in the figure, with increase in temperature in the range 300-800 K, the value of parameter a decreased linearly, and the parameters b and c increased linearly. At a temperature of 800 K, the parameter c underwent a leap and the low-temperature orthorhombic phase turned into a tetragonal high-temperature phase (Loa et al., 2018) . The parameters a and c of the tetragonal unit cell phase increased linearly with increasing temperature. At 800 K, the volume of the unit cell and microdensity also rapidly increased: DV = 3.76, Å 3 , Dr = 0.1 g/cm 3 .
From the temperature dependence of the unit cell parameters in the temperature range 300-800 K, the thermal expansion coefficients a [100] , a [010] and a [001] of the orthorhombic phase of SnSe single crystal were calculated, where the anisotropic thermal expansion from the crystallographic direction was clearly visible. Figure 5 provides the excitation spectrum of a SnSe single crystal upon irradiation by a pulse at a wavelength of 230 nm. The measurement was carried out at room temperature (T = 293 K). As shown in the figure the excitation spectrum exhibits maxima at wavelengths 313. 07, 423.03, 458.93, 495 .07 and 530.00 nm. A signal corresponding to a wavelength of 313.07 nm that is close to the excitation signal is very weak, and a signal corresponding to a wavelength of 423.03 nm is maximal. The remaining peaks are between them and constitute 31%, 72%, 86%, and 36% of the maximum intensity (Huseynov et al., 2018) .
Investigation of the fluorescence spectra of a SnSe single crystal showed that the peak positions changed depending on the exciting signal. For example, when irradiated by a pulse at wavelength 388.00 nm, a narrow peak was observed in the fluorescence spectra with a maximum at wavelength f 528.95 nm (Fig. 6a ). When the samples were irradiated by short-wavelength pulses at wavelength 240.93 nm, the intensity peak in the fluorescence spectra was observed at wavelength 491.94 nm. That is to say, the peak position also shifted towards the short-wave side (Fig. 6 b) .
This can be explained by the fact that at low temperatures, when excited by a pulse at a wavelength of 230.00 nm, recombination luminescence occurs, since the donor and acceptor levels are at the same distance (Lashkarev et al., 1981) . At that time radiation occurs at 1 st , 2 nd and 3 rd tran-sitions (Fig. 7) . This is reflected in the spectra in Figure 5 . Further, in these transitions, radiation is produced by excitation with different wavelengths. Therefore, in the SnSe compound, the radiation has recombination characteristics. When samples were irradiated by wider zones of pulses, the fluorescence spectra expanded accordingly (Fig. 6c ).
DISCUSSION
High-temperature X-ray diffraction studies show that at a temperature of 800 K the low-temperature orthorhombic phase of SnSe crystal was transformed into the hightemperature tetragonal phase. The phase transition was accompanied by a stepwise decrease in the unit cell volume and microdensity.
The band gap for SnSe single crystal was close to 1 eV. Thus, when a crystal is excited by an electromagnetic wave with a length of 324 nm, a band-to-band transition occurs. Corresponding radiative transitions took place at room temperature ( Fig. 7) . It is expected that radiation in the crystal occurs due to transitions of the energy levels of the impurities. Different levels of excitations conform to different levels of intensity peaks (Figs. 1, 2, 3 ). The proposed model reasonably well explains the results obtained.
CONCLUSION
The tetragonal phase transition at a temperature of 800 K in a SnSe single crystal is associated with the anisotropy of the expansion coefficient along different crystallographic directions. Depending on the excitation signal the position of peaks of the fluorescence spectra of a SnSe single crystal varies. When samples are irradiated by short-wave pulses, the position of the peaks is shifted towards short-wave side. When samples are irradiated by wider pulse zones, the fluorescence spectra expand. We believe that the radiation in the crystal occurs due to transitions of the energy levels of the impurity. With variation in the excitation, pulse length and width can be adjusted fluorescence spectra of the SnSe single crystal. This enables in optoelectronics to study the influence of various factors on biological tissues, as well as being important for optical coding. 
